Abstract Markov chains have been frequently used in community ecology to model successional changes, but little attention has been paid to its application in population ecology as a tool to explore the outcomes of species interactions. Markov models can be regarded as "null models" that provide predicted values under a no-change scenario against which the consequences of changes in variables of interest can be assessed. Here we explore Markov chains' potential to project population trends of competing species and derive sensible management strategies. To do that we use six years of Weld data on territory occupancy and turn-over of two competing top predators in a Mediterranean landscape: the golden and Bonelli's eagles. The results suggest that long-term coexistence of both species in the study area is likely, with the main limitation for their coexistence being the diYculties Bonelli's eagles have in colonising new territories that become available. To avoid future declines in the population of Bonelli's eagle, it is important to take into account that the positive eVects of conservation strategies focused on encouraging colonization (e.g. decreasing disperser mortality) are likely to be larger than those focused on avoiding territory abandonment (e.g. decreasing adult mortality). Markov chains are likely to be useful to evaluate the relative
Introduction
Although Markov chains have been frequently used in community ecology to model successional changes (Horn 1975; Usher 1979; Gibson et al. 1997; Wootton 2001) , their application to model long-term patterns of territory occupancy of competing species is a straightforward extension of the method. Assuming that only one species can use a given territory at one time, Markov chains can be used to explore the number of territories expected to be occupied by each of two competing species in the long-term. More interestingly, they can be used to explore the consequences of changes in environmental conditions or management practices on those equilibrium values, and thus, to evaluate the likely consequences of management decisions.
First-order Markov models describe changes in populations and communities where the future value of a variable is determined by its present value but is independent of the way it is reached (Usher 1979; Caswell 2001) . Thus, they can be regarded as "null models" (Gotelli and Graves 1996) that provide predicted values under a no-change scenario against which the consequences of changes in variables of interest can be assessed. Here we show that the application of simple Markov models is a useful tool to explore the consequence of management decisions on the population trends of competing species, when only data on territory occupancy are available.
The study of population dynamics of endangered or emblematic species has been a major topic of concern in conservation biology and population ecology during recent decades (e.g. Schwartz et al. 2002; Ferrer et al. 2003; Naves et al. 2003; Ontiveros et al. 2004; WhitWeld et al. 2004; Pounds et al. 2006) . In spatially structured populations, the study of the conditions for species coexistence is relevant for conservation and management, as interactions with a superior competitor may lead to the competitive exclusion of competing species (Hanski 1983; Nee and May 1992; Tilman 1994; Moilanen and Hanski 1995; Palomares et al. 1996; Sergio et al. 2003; Carrete et al. 2005) . Although this is an important issue to take into account when assessing the causes of populations declines, good-quality data for proper assessments are often scarce and the potential eVects of competition are rarely considered in quantitative terms.
In Mediterranean landscapes, golden eagles (Aquila chrysaetos) and Bonelli's eagles (A. fasciata) coexist sympatrically, and have been the subject of a number of studies on population dynamics (e.g. Real and Mañosa 1997; Carrete et al. 2002a; WhitWeld et al. 2004) , generating intense debates among managers, ecologists and researchers about their interspeciWc relationships (Carrete et al. 2002b; Gil-Sánchez et al. 2004; Ontiveros et al. 2004) . Both species are large-sized, predominantly cliV-nesting raptors, with overlapping trophic niches (Del Hoyo et al. 1994; Gil-Sánchez et al. 1994) . It has often been assumed, mainly due to their larger body mass (around 4 kg vs. around 2.5 kg for Bonelli's) (Ferguson-Lees and Christie 2001) , that golden eagles have superior competitive ability, reducing Bonelli's eagles' reproductive performance in areas of high densities of both species (Carrete et al. 2006) , or precluding Bonelli's eagles access to otherwise vacant territories (Gil-Sánchez et al. 2004; Ontiveros et al. 2004) . Although competition for both food and 1 C territory have been put forward (Fernández and Insausti 1990) , in most cases food availability seems unlikely to be limiting, and competition is mostly expected with regards to nesting sites (Gil-Sánchez et al. 2004) .
Direct usurpation and occupation of territories previously occupied by Bonelli's eagle (impeding recolonization) have been proposed as the main competition mechanisms (Cheylan 1981; Jordano 1981; Fernández and Insausti 1990; Gil-Sánchez et al. 1994; Parellada et al. 1996; Carrete et al. 2002b; Gil-Sánchez et al. 2004) . In Spain, several conservation measures have been proposed to avoid Bonelli's eagles decline. These include decreasing perturbations (e.g. direct persecution) in the areas that are abandoned or remain vacant (Carrete et al. 2002a (Carrete et al. , b, 2005 (Carrete et al. , 2006 , controlling golden eagles populations (Carrete et al. 2002a, b) , enhancing nesting site suitability for breeding, including increasing food supply (Carrete et al. 2002a, b; Gil-Sánchez et al. 2004; Ontiveros et al. 2004 Ontiveros et al. , 2005 , reducing adult mortality (Carrete et al. 2002a, b; Gil-Sánchez et al. 2004) , and decreasing the mortality of dispersing individuals (Ontiveros and Pleguezuelos 2000; Carrete et al. 2002a Carrete et al. , 2005 Soutullo et al. 2008) . These measures can be grouped into two main management strategies: (a) those aimed at decreasing juvenile mortality, and thus encouraging Bonelli's eagle colonization of new territories, and (b) those aimed at decreasing adult mortality and the abandonment of occupied territories. Here we use data on territory use to develop a Wrst-order Markovian model (Caswell 2001) to explore the potential contribution of these two strategies to ameliorate Bonelli's eagle declines in our study area.
As with other territorial top predators, surveys of territory occupancy are regularly conducted throughout most of these species ranges (e.g. Real and Mañosa 1997; Steenhof et al. 1997; Pedrini and Sergio 2002; WhitWeld et al. 2004; López-López et al. 2007a, b) , with territory occupancy and turnover often being the only reliable data available to plan conservation strategies in large sectors of their range. Insights from relatively simple models like this one are likely to be more helpful for managers than uncertain predictions based on untested complex models (Hanski 1999) . Such predictions, with their inevitable uncertainties are not as useful as comparisons of alternative scenarios with appropriate sensitivity analyses (see Hanski 1999 and references therein). Thus, our aim here was not to accurately predict population trajectories for these species (we acknowledge that in the long-term environmental changes will modify the observed transition probabilities, and that our estimates are not perfectly accurate), but to test the value of a simple tool to evaluate the potential contribution of alternative management decisions, based on the kind of information that is usually available for decision-makers.
Materials and methods

Species and study area
The study area comprises the Castellón province (located in the east of Spain, encompassing 6,670 km 2 ) (Fig. 1 ). This is a typical Mediterranean landscape with habitat and climatic conditions changing from the sea level to high mountains in 40-50 km (0-1814 m asl). The annual mean temperature varies from 8°C in the inner highlands to 17°C in the coastal area with an annual mean precipitation of 400-900 mm, the latter with high irregularity among years.
Between 2000 and 2006 we monitored all territories occupied by Bonelli's and golden eagles, as well as areas that historically had been occupied but remained vacant even though the habitat appeared suitable to either species. Observations were made with a 1 C 20-60 £ 77 Leica Televid telescope during clear days at »300 m from nesting cliVs to avoid disturbance to eagles. A territory was considered occupied if we observed nests with green leaves, typical pair behavior such as mutual preening with close contact, courtship, brood rearing activity or young (Newton 1979; Steenhof and Kochert 1982) .
The Bonelli's eagle is distributed from the European Mediterranean region to south-east Asia (Cramp and Simmons 1980; Del Hoyo et al. 1994) . The Iberian Peninsula is home to approximately 80% of European breeding pairs (Del Moral 2006 ) and yet the species is currently considered endangered in Spain (Real 2004) . After a period of decline in the mid-1980s in the Iberian Peninsula (Real and Mañosa 1997; Real 2004 ), Bonelli's eagle population size seems to be increasing (Del Moral 2006) . The golden eagle is distributed along the Paleartic, Neartic and marginally the Indomalayan and African region (Del Hoyo et al. 1994; Ferguson-Lees and Christie 2001) . The Iberian Peninsula is home to approximately 13-18% of European breeding pairs (Arroyo 2004; BirdLife International 2004) . Between 1960 and 1990 the species experienced a population decline in the Peninsula but is currently stable or even increasing (Arroyo et al. 1990; Arroyo 2004 ). The species is currently considered near threatened in Spain (Arroyo 2004 ).
Construction of the Markov chain
We calculated the frequency with which territories used by each species in a given year were occupied by the same species in the following year, colonized by the other, or abandoned, as well as the frequency with which vacant territories were colonized by either (Table 1) . These frequencies were then used to calculate the transition probabilities from each stage to the others, and build the transition matrix for a Wrst-order Markov model (Usher 1979; Gotelli 2001 ). A Markov chain was then implemented, using the number of territories vacant or occupied by each species in 2006 as the stage vector, and a time step of 1 year. Based on habitat selection studies developed for our study area (López-López et al. 2004 , 2007a , and the wide ecological plasticity in terms of selection of nesting places of both species (Cramp and Simmons 1980; Del Hoyo et al. 1994; Ferguson-Lees and Christie 2001) we assumed that all territories could be occupied by both species indistinctly, even though we recognize that both the quality of the territories and their suitability for each species might vary in the study area.
Statistical analysis
A Markov process is a stochastic process for which the values of X T , at any set of times t r (r = 1,2,…, n) are based upon the values X S at any set of previous times t s (s = 0, ¡1,…, ¡j) (Barlett 1955) . In order to check whether our data were adequate to build a Markov chain, loglinear models were Wtted to test for time-homogeneity following Hill et al. (2002) . Loglinear models are more powerful than the tests developed by Anderson and Goodman (1957) . Although Anderson and Goodman's tests have been used on models of ecological communities (e.g. Usher 1979; Gibson et al. 1997; Wootton 2001) , the loglinear approach is more general, and can be extended to more complex experimental designs (Caswell 2001) .
Sensitivity analysis
As with any matrix population model, the sensitivity analysis of a Markov model enables exploring the consequences of perturbations on the transition probabilities (Caswell 2001 (Caswell , 2007 . This is probably the most valuable property of Markov models for the kind of questions we aim to address here, as it enables exploring the outcome of changes in environmental conditions or management practices. Nonetheless, as Markov chains require column totals to sum to 1, it is not possible to modify only one variable while holding all others constant. This is actually an advantage for the type of questions we are addressing here because, for exploring the outcome of species interactions, it is more meaningful to explore how changes in other entries in the column compensate for changes in the variable of interest (Caswell 2001 ). Because we were interested in exploring the eVects of changes 1 C in transition probabilities to identify management strategies that may enhance the likelihood of Bonelli's eagle population persistence (i.e., an increase in the equilibrium population size), we explored the eVects of increasing the probability of transition from vacant territories or those occupied by golden eagles, to territories occupied by Bonelli's eagles (reXecting decisions encouraging Bonelli's eagle colonization of new territories), and the eVects of increasing the probability of Bonelli's eagle territories being re-used by the species (reXecting decisions discouraging Bonelli's eagle abandonment of occupied territories). These transitions were compensated by a corresponding decrease in the frequency of either territories of golden eagles being re-used (Fig. 2a) or becoming vacant (Fig. 2b) , vacant territories being colonized by golden eagles (Fig. 2c ) or remaining unoccupied (Fig. 2d) , or by a decrease in the frequency of Bonelli's eagles abandoning territories (Fig 2e) . Thus, Fig. 2a , c reXect the outcomes of management actions aimed at controlling the golden eagle population and ensuring the availability of vacant territories for Bonelli's eagles, and Fig. 2b, d , actions aimed at increasing Bonelli's eagle colonization of vacant territories. In contrast, Fig. 2e reXects the outcomes of actions aimed at decreasing adult mortality, and discouraging Bonelli's eagle territory abandonment.
Fig. 2
Markov chain' sensitivity analysis. Increment in the probabilities of transition from vacant or golden eagles' territories to territories occupied by Bonelli's eagles in Castellón province (Spain), compensated by a corresponding decrease in the probabilities of transition to vacant or golden eagles' territories, and in the probability of territory re-use by Bonelli's eagles; (+) and (¡) indicate an increase or decrease in the transition probability, respectively
C
Changes were modelled by iteratively increasing the probability of transition of the variable of interest to 1, 2.5 and 5% and consequently decreasing the compensatory variable. To further assess the relative eVect of changes in transition probabilities we calculated the number of territories occupied by Bonelli's eagles at equilibrium as transition probabilities increased from 1 to 10%. This method provided a measure of how robust our conclusions were to the limitations of our Weld data (i.e., the conWdence of the transition probabilities estimated on the basis of six years of Weld observations), and most importantly, the identity of the transition probabilities whose increase would have a larger eVect on Bonelli's eagle equilibrium population size. These modelling exercises allowed us to assess which kind of territory transition (colonization or re-use), and thus, which management strategy, should be encouraged.
Results
Between 2000 and 2006 we recorded 243 territory-occupancy state transitions (Table 1) . Loglinear models showed a signiWcant independent eVect of "time" (P < 0.001), but not of "type of transition" (P = 0.209) nor the interaction between "time" and "type of transition" (P = 0.992), allowing us to build a Wrst-order Markov chain (Table 2 ). This implies that the temporal variation produced parallel eVects on the transition matrices at all the territories.
If observed patterns of territory turnover persist, no territory is expected to be occupied by Bonelli's eagles by the year 2085. Yet, only 46 of the 64 territories would be occupied by golden eagles at the equilibrium, with the rest remaining vacant (Fig. 3) . During the study period we did not observe any territory colonization by Bonelli's eagles. Hence, the projected decline of the Bonelli's eagle population is not surprising, as with a probability of transition from both a vacant or a golden eagle territory to a Bonelli's eagle territory of 0, any probability of territory re-use <1 will eventually drive the population down to extinction. Actually, an increase to 1 and 2.5% in the probability of Bonelli's eagles re-using their territories only delayed local extinction to the years 2122 and 2191, respectively.
More interestingly, the sensitivity analysis shows that even a slight increase to 1% in the probability of Bonelli's eagles colonizing vacant or golden eagles territories is enough for species coexistence (Fig. 4a, b, c, d ). Increases to 2.5 and 5% resulted in stable coexistence with Wnal population sizes oscillating around 8-27 territories occupied by Bonelli's eagles and 24-40 by golden eagles (Fig. 4e-l) . Taking into account that transition probabilities are simply estimates, this suggests that under the current conditions the short and medium-term coexistence of both species in Castellón is likely, although population size might eventually decline in the long-term. Finally, the maximum increase in the number of territories occupied by Bonelli's eagles does not result from the displacement of golden eagles' from their territories, but from the occupation of territories that are abandoned by golden eagles (Fig. 5) . Actually, to maintain the current population size of Bonelli's eagles at around 30 pairs, it would be necessary to increase by 6-10% the probability of Bonelli's eagles colonizing territories that are abandoned by golden eagles or are currently vacant (Fig. 5) . In contrast, simply decreasing the probability of Bonelli's eagles abandoning territories only delays the extinction, with only a 100% probability of territory re-use allowing coexistence.
Discussion
Application of Markov chains to conservation assessment
Markov models are simple but powerful methods for describing changes in populations and communities (Gotelli 2001 ). The simple model we used here does not make any inference or assumption regarding the processes regulating both species populations. Thus, this is a Fig. 3 Projected changes in the number of vacant territories (dashed line) and territories occupied by Bonelli's (dotted line) (BE) or golden eagles (solid line) (GE) in Castellón province (eastern Spain) resulting from territory-occupancy state transitions observed between 2000 and 2006 Fig. 4 Projected changes in the number of vacant territories (dashed line) and territories occupied by Bonelli's (dotted line) (BE) or golden eagles (solid line) (GE) in Castellón province (eastern Spain) resulting from changes in the observed transition probabilities: (a) 1% increase in the probability of BE colonizing GE territories in the next year and 1% decrease in the probability of GE territories becoming vacant; (b) 1% increase in the probability of BE colonizing GE territories in the next year and 1% decrease in the probability of GE re-occupying territories; (c) 1% increase in the probability of BE colonizing vacant territories and 1% decrease in the probability of GE colonizing vacant territories; (d) 1% increase in the probability of BE colonizing vacant territories and 1% decrease in the probability of vacant territories remaining vacant in the next year; (e-h) the same as a-d but increasing and decreasing 2.5% the transition probabilities; (i-l) the same as a-d but increasing and decreasing 5% the transition probabilities ᭤ 1 C 1 C 'black box' approach (Gotelli and Ellison 2004 ) that does not rely on (nor put forward) any particular mechanism of population regulation to project populations' trajectories. Yet, it assumes that the conditions that generated the observed transition probabilities will remain unchanged (or at least, that on the average the transition probabilities will remain constant). Among other assumptions this means that climatic conditions, demographic parameters, and birds' behaviour do not change, that all individuals and territories are equivalent, that there are no Xuctuations in food availability, and above all, that human-induced mortality and perturbation will not change. As such, the model is an oversimpliWcation of reality: in the long-term conditions will change.
Yet, the results, as those of most demographic analyses, are not meant to forecast what will happen, but to describe how the populations would behave if the conditions were to be maintained indeWnitely (Caswell 2001) . Comparing the consequences of maintaining present conditions with those of alternative conditions reveals a great deal of biological information on populations' current circumstances (Caswell 2001) . Thus, the value of Markov chains as a conservation tool does not rely on their power to accurately forecast trends in population size, but rather on its role as a null model, with predicted values under simpliWed, no-change scenarios used as benchmarks against which to compare the consequences of changes in those conditions. A distinct feature of this approach is that rather than being a theoretic description of the dynamics of the populations based on estimated demographic parameters, it uses Weld observations on territory occupancy and turnover to estimate transition probabilities and equilibrium population sizes. In this context, the most interesting property of Markov models is that sensitivity analyses can be used to explore the outcomes of changes in transitions probabilities expected under diVerent biologically plausible scenarios. Thus, Fig. 5 Bonelli's eagles Wnal population size in Castellón province (Spain) if the probability of the species colonizing vacant territories or territories occupied by golden eagles increases, or the probability of Bonelli's eagle territory abandonment decreases (i.e., changes in transitions as those shown in Fig. 2) . Note that the maximum increase in a transition probability is limited by the maximum possible decrease in the transition probability that is decreased to compensate (which cannot decrease below 0% or, conversely, it cannot exceed 100%)
1 C providing a powerful, yet rarely used tool to explore the consequences of environmental changes or alternative management actions on populations.
Coexistence of golden and Bonelli's eagles Our Weld data suggest that for the Bonelli's eagles population to remain stable at around 30 pairs, a 6-10% increase in the observed probabilities of territory colonization is needed. The lack of records of colonization events might be simply the result of the relatively short extent of our Weld observations (6 years). Alternatively, there might be current factors hindering Bonelli's eagles' capability of settling in suitable available territories, which may eventually lead to an actual decline. The model suggests that the main reason for such a decline would be the low (in fact, null) probability of territory colonization, rather than a high probability of territory abandonment. This has important management implications.
From a conservation perspective, the most appealing management actions are those that may boost the transition probabilities with the largest positive eVect on Bonelli's eagle population size. Thus, although measures to avoid territory abandonment can have a positive eVect on Bonelli's eagle population size, they are not enough to ensure Bonelli's eagle persistence, as territory re-use can never be 100% on average. There is a need for colonization events to occur if populations are to persist (with a probability as low as 1% being enough for coexistence, as our model shows). This is not a trivial conclusion, because current eVorts to protect this species in Spain are focused on protecting adult nesting habitat. In contrast, little is done to enhance dispersing juveniles' survival, or to maintain connectivity among breeding sites, despite both processes being threatened by habitat changes due to the proliferation of wind-farms, electric power lines with dangerous pole designs, and other perilous infrastructures (e.g. Ferrer and Hiraldo 1992; Ontiveros et al. 2004; López-López et al. 2007a, b) . Actually, enhancing juvenile survival has been recently demonstrated as a key factor to maintain the Bonelli's eagle population in Spain, given current conditions (Soutullo et al. 2008) .
Although they are much more diYcult to implement, our model suggests that to avoid a decline in the population of Bonelli's eagle (assuming conditions remain unchanged), management strategies that encourage colonization (i.e. increasing juvenile survival) are needed, whereas strategies based solely on decreasing adult mortality and territory abandonment (such as decreasing perturbations to Bonelli's eagle territories or increasing prey availability) are unlikely to suYce. This also agrees with the Wndings of Soutullo et al. (2008) based on demographic models. Given Bonelli's eagles large dispersal distances (Cadahía et al. 2005 (Cadahía et al. , 2006 , decreasing the mortality of dispersing individuals requires a large-scale regional management framework.
These strategies are however not antagonistic, and management actions aimed at improving one may have a positive eVect on the other. For example, improving conditions in the nesting sites might increase breeding success, but also enlarge the pool of dispersers, and hence the chance of some surviving to colonization. However, there is also a need to take into account that a possible by-product of measures to enhance breeding conditions for Bonelli's eagles (such as supplying additional food or modifying the vegetation structure), might be an enhancement of breeding conditions for golden eagles (Gil-Sánchez et al. 2004) , which might increase the probability of golden eagle colonizing vacant territories. On the other hand, improving power line design will decrease both juvenile and adult mortality. Both strategies are needed and should be enforced, yet, our results (and those of Soutullo et al. 2008) suggest that without action aimed at increasing juveniles survival and the colonization of new territories, population declines are likely.
Conclusions
Overall, we have shown that Markov chains can be a powerful tool to explore projected population trends of competing species and to evaluate the suitability of alternative management strategies. Given the availability of census data on territory occupancy in most sectors of the Iberian Peninsula, we suggest that other researchers should use this approach to explore these issues in other areas where golden and Bonelli's eagles co-exist. Furthermore, we suggest that this approach can also be useful to evaluate population trajectories and the relative merit of alternative management options of other territorial species when patterns of territory occupancy are the only reliable data available, as often occurs with large predators.
